A crude cell extract from a mixed bacterial culture growing on parathion, an organophosphate insecticide, hydrolyzed parathion (21 C) at a rate of 416 nmol/ min per mg of protein. This rate of enzymatic hydrolysis, when compared with chemical hydrolysis by 0.1 N sodium hydroxide at 40 C, was 2,450 times faster. Eight of 12 commonly used organophosphate insecticides were enzymatically hydrolyzed with this enzyme preparation at rates ranging from 12 to 1,360 nmol/ min per mg of protein. Seven pesticides were hydrolyzed at rates significantly higher (40 to 1,005 times faster) than chemical hydrolysis. The pH optimum for enzymatic hydrolysis of the eight pesticides ranged from 8.5 to 9.5, with less than 50%o of maximal activity expressed at pH 7.0. Maximal enzyme activity occurred at 35 C. The crude extract lost its activity at the rate of only 0.75%/day when stored at 6 C. Eight organic solvents, ranging from methanol to hexane, at low concentrations stimulated enzymatic hydrolysis by 3 to 20%, whereas at higher concentrations (1,000 mg/liter) they inhibited the reaction (9 to 50%). Parathion metabolites p-nitrophenol, hydroquinone, and diethylthiophosphoric acid, at up to 100-mg/liter concentrations, did not significantly influence enzyme activity.
Pesticide sales in the United States in 1970 totaled 880 million dollars (888 million pounds) (20) ; by 1974 this figure increased to 1.75 billion dollars and it is predicted to reach 2.3 billion by 1980 (1) . The vastness and continual expansion of this pesticide market require that technical capabilities be developed for the detoxification and disposal of excess pesticides (13) , empty containers (7) , and manufacturing and other wastes so as to minimize the adverse environmental impact from agricultural chemicals.
Biological methods for disposal of pesticides, while having certain limitations, have been patented and used industrially. Howe (9) developed methods for biological treatment of phenols, cyanides, and the herbicide Trifluralin. Coley and Stutz (3) developed a biological treatment system for manufacturing wastes from parathion production. These and most other biological methods for waste treatment involve whole cells, which are subject to chemical shock, overloading, catabolite repression, and metabolite inhibition, factors that can greatly decrease the efficiency and completeness of biological treatment of toxic waste.
It may be possible to bypass the problems related to whole cell metabolism of toxic chemicals by using cell-free enzymes from adapted microorganisms for pesticide detoxification.
Loos et al. (15) grew an Arthrobacter sp. on 7 either the herbicide 2,4-dichlorophenoxyacetate (2,4-D) or 2-methyl-4-chlorophenoxyacetate (MCPA) and found that crude extracts hydrolyzed 2,4-D or MCPA and a wide range of related chlorinated phenols. Kearney (10) purified an enzyme from a Pseudomonas sp. grown on the phenylcarbamate herbicide isopropyl-N- (3-chlorophenyl) (2, 11) and aldrin (14) are susceptible to cell-free enzymatic degradation.
Previous studies (17, 18) Media and microorganisms. Bacteria were grown on a medium consisting of: K2HPO4, 0.2 g; KH2PO4, 0.8 g; MgSO4, 0.2 g; CaSO4 2H20, 0.1 g; NaMoO4 2H20, 0.0033 g; FeSO4 7H20, 0.005 g; and (NH4)2SO4, 1.0 g; per 1,000 ml of distilled water, pH 7.2, supplemented with 1 to 5 g of technical parathion per liter as the only added carbon source. The mixed bacterial culture, previously adapted to parathion metabolism (17) , consisted of at least nine isolates, five of which were species of fluorescent pseudomonads; the remaining four isolates were classified as Brevibacterium, Azotomonas, and Xanthomonas sp. and an unidentified bacterium. The mixed culture was grown in a Braun-Melsungen AG Biostat 5, 3-liter working volume fermenter for 7 days before harvesting.
Enzyme preparation. Cells from 3 liters of medium were harvested by centrifugation (10,000 x g, 10 min), resuspended in fresh basal salts solution (50 ml), and sonified for 4 min at 6 C with an MSE 10 by addition of 1 N NaOH or made 0.1 N by addition of 4 g of solid NaOH per liter. Hydrolysis kinetics at pH 10, 21 C, were followed by measuring the pesticide concentration by gas-liquid chromatographic methods or determining the metabolite build-up by a spectrophotometric method over a 24-h period. Pesticide hydrolysis by 0.1 N NaOH was followed for 2 h, using the same techniques.
Analytical methods. Gas-liquid chromatography measurements were conducted with a HewlettPackard model 5750 G flame ionization detector, equipped with a 6% SE-30, 1.85-m, 6-mm ID glass column. Detector rate of parathion hydrolysis as 1.0, varied from 1.7 for fenthion to 39 for chloromephos (Table  1) . Chemical hydrolysis of the pesticides at pH 10.0, studied to determine the significance of chemical hydrolysis during enzymatic hydrolysis experiments at high pH, was less than 0.5% of the enzymatic activity. Enzymatic hydrolysis. The specificity of the parathion-hydrolyzing enzyme mixture for various other organophosphate insecticides was examined, and the results are shown in Table 1 . Nine of 13 pesticides were hydrolyzed by the enzyme extract with specific activities ranging from 12 to 1,360 nmol/min per mg of total protein. The relative enzymatic activities, calculated from kinetics at equimolar pesticide concentrations with the rate of parathion hydrolysis as 1.0, are listed in Table 1 . The parathioninduced enzyme mixture had the greatest relative activity with triazophos (1.45), followed by paraoxon (1.20).
Comparative kinetics. When the specific activity of the enzyme mixture for a pesticide at 21 C was compared to the rate of chemical hydrolysis by 0.1 N NaOH at 40 C, at the molarity stated in Table 1 , enzymatic hydrolysis was 11 to 2,450 times faster. Since 1-mg/ml protein concentrations were not experimentally used, these ratios are theoretical. However, in all enzyme kinetic experiments, excluding EPN, the enzymatic hydrolysis of the pesticide with 10 to 25 ,g of crude protein per ml was faster than chemical hydrolysis by 0.1 N NaOH.
Enzyme kinetics. (i) pH. The optimal pH for hydrolysis of the various pesticides was quite similar, ranging from 8.5 for fenitrothion to 9.5 for cyanophos (Fig. 1) . Enzymatic hydrolysis of the pesticides at pH 7.0 was only 1 to 50% of its maximal activity.
(ii) Temperature. The effect of temperature on both the enzyme kinetics and storage stability was examined. Storage of the crude extract in basal salts at 6 C produced a relatively stable enzyme preparation (0.75% decay/day), whereas the enzyme mixture, when stored at 21 C, was stable for 2 days before inactivation began (16%/day; Fig. 2 ). Freezing (-10 C) strongly inactivated the enzyme preparation.
The optimal temperature for enzymatic hydrolysis of parathion was 35 C (Fig. 3) , a temperature that coincides with the 37 C temperature optimum for the growth of the mixed culture (18) . Since the enzyme kinetic studies reported in Table 1 were done at 21 C, these values are approximately 30% below maximum.
Metabolites. The metabolites from parathion hydrolysis, PNP, and diethylthiophosphoric acid, as well as from hydroquinone, a metabolite from PNP (18), did not strongly inhibit parathion hydrolysis. At metabolite concentrations up to 750 ,uM (100 mg/liter), no significant inhibition occurred.
Organic solvents. Organic solvents, ranging from polar methanol to nonpolar hexane, were examined to determine their effect on parathion hydrolysis kinetics. The eight solvents, at 1,000 mg/l of water, reduced enzymatic activity by 9 to 50% (Fig. 4A) . However, at solvent concentrations (milligrams per liter) up to those indicated in parentheses, ethanol (20) , ethyl ether (25), xylene (15) , benzene (50), and chloroform (450) stimulated hydrolysis ( 4B) by a maximum of 5, 5, 6, 9, and 20%, respectively. Chloroform, a good solvent for parathion, and yet soluble at 5,000 mg/liter of water, was most stimulating (20%) at 50 mg/ liter but was still stimulatory at concentrations up to 450 mg/liter. DISCUSSION The crude cell-free enzyme preparation from a mixed culture growing on parathion has a broad substrate specificity and can hydrolyze other organophosphate insecticides. Although metabolite studies were not conducted, it is believed that chemical and enzymatic pesticide hydrolysis occurs at the aryl P-O bond. This view is supported by literature (6, 8) and, in the case of parathion, paraoxon, methyl parathion, and EPN, by the production of a yellow metabolite, presumbaly PNP (Fig. 1) . The enzyme specificity for other insecticides was more influenced by alkyl substitutions on the phosphorus atom than by aromatic ring substitution or changes. The enzyme mixture had higher relative activity for diethyl phosphorothioates than it did for dimethyl phosphorothioates. Even the large aromatic functional group changes represented by diazinon and triazophos did not inhibit hydrolysis as much as did the dimethoxy groups of methyl parathion. The dimethoxyor diethoxy -substituted phosphorodithioates ethion, azinophos-M, and chloromephos were not hydrolyzed by the parathion-hydrolyzing enzyme preparation. EPN, the only stereoisomer examined, was consistantly hydrolyzed approximately 55%, with the remaining 45% being stable to enzymatic hydrolysis. The possibility thus exists that only one isomer is recognized by this enzyme mixture, the other being resistant to enzymatic hydrolysis. It would be interesting to determine whether diphasic EPN degradation also occurred in soil studies, with quick metabolism of the susceptible D or L form and persistence of the second isomer.
The rate-limiting factor in the hydrolysis kinetics of the examined organophosphate pesticides seems to be their low water solubility (1 to 35 mg/liter, 1 to 120 ,uM). When rates of parathion and paraoxon hydrolysis were examined at 45-,uM concentrations, paraoxon was hydrolyzed 20% faster. However, when paraoxon, which is much more soluble, was studied at higher concentrations (19) saturation kinetics occurred at 2.1 mM, well above molarities used in this present study (8 to 120 uM) . This high enzyme saturation value indicates that in this research the enzyme preparation was operating far below its maximum rate and thus may account for the lack of metabolite inhibition. When the effect of organic solvents on enzyme kinetics was examined at high solvent concentrations, protein denaturation occurred, but at lower concentrations the enzymatic hydrolysis rates were sometimes increased by the presence of a solvent. This increase may be due to the formation of a water-pesticide-solvent complex, which produces greater pesticide-enzyme contact. Chloroform had the best polarity for forming this complex before causing a decrease in enzyme activity by protein denaturation.
The pesticides examined were chosen for their chemical similarities or dissimilarities to parathion for biochemical studies, as well as for their importance in agricultural practices, since it was the intent of this paper to demonstrate the feasibility of using enzymes in pesticide disposal systems. Four of the examined pesticides (parathion, methyl parathion, diazinon, and dursban), all of which were enzymatically hydrolyzed, were in the top 10 on a list of the most commonly used organophosphate pesticides in the United States in 1971 (20) and represented approximately 50% of the total tonnage of organophosphate insecticides used. Thus, this enzyme mixture can hydrolyze an important portion of the marketed organophosphate insecticides.
Before commercial production of this enzyme preparation is considered, many production and operating parameters must be examined. The ease of crude enzyme production and the lack of a requirement for either added cofactors or purification for high activity show promise for low costs of enzyme production and operation. Its storage stability in normal buffer is good and could probably be extended by enzyme denaturation preventive measures. It can operate well at temperatures from 20 to 50 C, is stable at 50 C, and is not strongly inhibited by organic solvents, which may be found in waste streams from pesticide manufacturing or formulating plants or rinse waters from pesticide containers. Also, enzyme immobilization studies (manuscript in preparation) show promise for development of bound enzyme systems for pesticide detoxification.
The ability of cell-free enzymes to degrade pesticides is not restricted only to organophosphates but has been shown feasible for a wide range of pesticides, including phenylureas (4, 5) , phenylcarbamates (10), acylanilides (12) , and phenoxy herbicides (15) . These investigators were not primarily concerned with developing enzymatic pesticide disposal systems; thus, the reported pesticide hydrolysis kinetics are slower than those expressed in this paper. However, it is conceivable that these rates could be greatly increased through culture enrichment and enzyme production techniques. Also, the choice of the pesticide that serves as inducer and carbon source is important, for it will strongly determine the specific activity of the enzyme or enzymes for various pesticides.
